The strong non-linear increase in Cu interconnect line resistance with decreasing linewidth presents a significant obstacle to their continued downscaling. In this letter we use first principles density functional theory based electronic structure of Cu interconnects to find the lower limits of their line resistance for metal linewidths corresponding to future technology nodes. We find that even in the absence of scattering due to grain boundaries, edge roughness or interfaces, quantum confinement causes a severe increase in the line resistance of Cu. We also find that when the simplest scattering mechanism in the grain boundary scattering dominated limit is added to otherwise coherent electronic transmission in monocrystalline nanowires, the lower limit of line resistance is significantly higher than projected roadmap requirements in the International Technology Roadmap for Semiconductors.
The strong non-linear increase in Cu interconnect line resistance with decreasing linewidth presents a significant obstacle to their continued downscaling. In this letter we use first principles density functional theory based electronic structure of Cu interconnects to find the lower limits of their line resistance for metal linewidths corresponding to future technology nodes. We find that even in the absence of scattering due to grain boundaries, edge roughness or interfaces, quantum confinement causes a severe increase in the line resistance of Cu. We also find that when the simplest scattering mechanism in the grain boundary scattering dominated limit is added to otherwise coherent electronic transmission in monocrystalline nanowires, the lower limit of line resistance is significantly higher than projected roadmap requirements in the International Technology Roadmap for Semiconductors. a) Electronic mail: ganesh.h@ssi.samsung.com Damascene deposited Copper has been the Back End of Line (BEOL) interconnect conductor of choice for semiconductor technology nodes since 2000. Copper has several desirable features, including a low bulk resistivity (≈ 1.68 µΩ cm at room temperature, second only to Ag among elemental metals 1 ) and the ability to easily be electro-deposited and annealed at temperatures compatible with semiconductor processing.
With metal linewidth scaling proceeding in sync with technology scaling, it should be expected that the resistance per unit length (henceforth referred to as R/l with units in Ω/µm) of BEOL Cu metallization will increase. It has been known for some time, however, that metal resistivity also increases with a decrease in metal dimensionality 2 . This adds to the increase in R/l that is expected from a simple reduction in dimensions. This increase in metal resistivity has been attributed to an increase in electron scattering due to grain boundaries 3 , surfaces and interfaces [4] [5] [6] In this letter we therefore report both theoretical and practical lower R/l limits. The rest of this letter is organized as follows. We first present the details of our computational method, followed by line resistance calculations versus cross sectional area for monocrys- T where
where E is energy,
is the quantum of conductance, T (E) is the net number of modes at energy E and f is the Fermi function). The net number of modes T is obtained by computing the self-consistent band structure and simply counting the number of conducting modes at each energy step broadened by the Fermi function. Cu nanowires with cross sectional areas of 100 nm 2 contain between 5000 to 15000 atoms (depending on the orientation). Computing the self consistent band structure of such a large number of atoms in DFT is computationally cumbersome. To enable scaling of DFT calculations to the required system size, a recently published ab initio s-orbital approximation to the basis of Cu was used to compute the self consistent band structure of the nanowires 20 . For additional details of the computational procedure, we refer the interested reader to this work.
Ballistic conductance is independent of the length of the cross section in the transport direction. To compute line resistance per unit length R/l a length scale corresponding to a scattering event is introduced. Here we assume a scattering length equal to bulk inelastic mean free path in Cu (400Å). It has been shown 17 that an introduction of a scattering mean free path in the Landauer-Buttiker formalism modifies the ballistic conductance G as follows
where λ is the scattering mean free path, which we approximate to be independent of energy.
Since M1 interconnect run lengths (l) range in microns, we have l >> λ, this results in
Using the bulk mean free path is a rather generous assumption, given that the width of the nanowires investigated is a maximum of 10 nm. It is thus safe to say that the R/l numbers for monocrystalline Cu nanowires represent the lower limit of line resistance in Cu interconnects.
To compare our simulations to ITRS projections, we used projected Cu requirements for resistivity data available in the 2013 ITRS requirements. This is even after discounting the fact that we used the bulk scattering mean free path for the twin boundary structures even though the grain size was significantly smaller than the mean free path used.
It must be emphasized that the twin boundary structures considered in this study are highly ordered. Process related non-idealities such as grain orientation anisotropy (GOA), line edge roughness, and the presence of a Cu-liner interface will result in actual R/l values that are higher than this ideal case. GOA, especially, will result in a significant resistance penalty owing to increased anisotropy in conductance for different orientations when Cu is quantum confined as discussed previously. To estimate the impact of more realistic structures on line resistance, we simulated a large number of polycrystalline structures with a wide variety of grain orientation distributions for each cross sectional area. We retained the structural assumptions regarding aspect ratio and grain size made for twin boundaries. An example of such a structure is shown in figure 3 . We then averaged the ballistic conductance is not feasible even in simulation, the R/l values of the polycrystalline structures we calculated serve to illustrate the extent to which the aforementioned structural imperfections increase line resistance well beyond ITRS requirements.
In conclusion, we reported the results of our investigation into the lower limits of line resistance in Cu interconnects. We found that simple confinement results in a significant increase in Cu line resistance. When the simplest grain boundary scattering mechanism - 
